Several predator avoidance strategies in zooplankton rely on the use of light to control vertical position in the water column. Although light is the primary cue for such photobehavior, predator chemical cues or kairomones increase swimming responses to light. We currently lack a mechanistic understanding for how zooplankton integrate visual and chemical cues to mediate phenotypic plasticity in defensive photobehavior. In marine systems, kairomones are thought to be amino sugar degradation products of fish body mucus. Here, we demonstrate that increasing concentrations of fish kairomones heightened sensitivity of light-mediated swimming behavior for two larval crab species (Rhithropanopeus harrisii and Hemigrapsus sanguineus). Consistent with these behavioral results, we report increased visual sensitivity at the retinal level in larval crab eyes directly following acute (1-3 h) kairomone exposure, as evidenced electrophysiologically from V-log I curves and morphologically from wider, shorter rhabdoms. The observed increases in visual sensitivity do not correspond with a decline in temporal resolution, because latency in electrophysiological responses actually increased after kairomone exposure. Collectively, these data suggest that phenotypic plasticity in larval crab photobehavior is achieved, at least in part, through rapid changes in photoreceptor structure and function.
INTRODUCTION
Many zooplankton exhibit phenotypically plastic defense strategies following detection of predator chemical cues. These chemical cues are defined as kairomones because they are interspecific signal molecules that benefit the receiver (Brönmark and Hansson, 2012) . Predator kairomones have been shown to induce phenotypically plastic changes in defensive behavior of zooplankton. For instance, exposure to kairomones has been shown to alter photobehavior that is important to predator avoidance, including descent responses with rapid decreases in downwelling light (i.e. shadow responses; Cohen and Forward, 2003) . Many zooplankton species also descend with small increases in downwelling light, and these responses are thought to contribute to depth regulation behavior, such as diel vertical migration (Cohen and Forward, 2009; Ringelberg, 2010; Williamson et al., 2011) . Diel vertical migration is thought to be the greatest migration of biomass on Earth and generally describes a habitual night-time ascent to food-abundant surface waters and a daytime descent to darker waters (Hays, 2003) . This daytime descent has long been proposed as a strategy to avoid visual predators (Stich and Lampert, 1981) . More recent work supports diel vertical migration as a predator evasion strategy because kairomones increase swimming responses to light in marine and freshwater zooplankton (Cohen and Forward, 2005; Forward and Rittschof, 2000; Van Gool and Ringelberg, 2002) . Kairomones affect defensive photobehavior after exposure times ranging from 5 min to several hours (Forward and Rittschof, 1993, 2000) and these changes are reversible after the removal of predator cues in several species (Bollens and Frost, 1989; Forward and Hettler, 1992) .
Although light is the primary cue for this defensive photobehavior and kairomone exposure can increase such responses, other exogenous cues influence photobehavior and depth regulation in zooplankton, including temperature, salinity and food availability (Williamson et al., 2011) . Temperature gradients or thermoclines often act as a barrier during depth regulation (Haney, 1993; Kessler, 2004; Cooke et al., 2008) and tidal cues, such as salinity, can influence vertical distribution and phototaxis in estuarine and coastal zooplankton species that regulate estuarine export or retention during different phases of their life history (Latz and Forward, 1977; Cronin and Forward, 1986; Welch and Forward, 2001 ). In addition, laboratory studies indicate that starvation affects phototaxis, such that animals activate an ascent response following decreases in downwelling light or maintain shallower daytime depths (Forward and Hettler, 1992; Haney, 1993) . In marine systems, kairomones involved in defensive photobehavior are thought to be degradation products of external body mucus sloughed from fish and ctenophores and probably contain disaccharide glycosaminoglycans (Rittschof and Cohen, 2004) .
Although previous work has demonstrated that zooplankton respond behaviorally to light stimuli at lower intensities in the presence of predator kairomones (Forward and Rittschof, 2000; Cohen and Forward, 2005) , we currently lack a mechanism for these observed increases in photobehavioral responses, which are important for predator avoidance. Larval crabs offer a fitting model for better understanding kairomone-induced changes to defensive photobehavior because zoea larvae predictably maintain a depth near the isolume of their threshold for light detection (Forward, 1985; Sulkin, 1984) and kairomones exaggerate photobehavior important to predator evasion in larvae of at least one crab species, Rhithropanopeus harrisii (Cohen and Forward, 2003; Forward and Rittschof, 2000) . The estuarine mud crab R. harrisii spends its entire life history within the estuary, including four planktonic zoeal stages (Cronin, 1982) . However, most estuarine crab larvae migrate into coastal waters during their early planktonic stages. Since peak abundance of planktivorous estuarine fish coincides with seasonal crab spawning on the Atlantic coast of the United States (Hagan and Able, 2003; Epifanio, 2013) , this migration is likely to decrease vulnerability to estuarine predators (Christy, 2011) . Such an 'export-and-return' pattern of larval development and recruitment has been proposed for the rocky intertidal crab Hemigrapsus sanguineus (Cohen et al., 2015; Epifanio, 2013; Park et al., 2005) . Thus, a comparison among crab species of kairomone-mediated changes to photosensitivity may yield differences related to predation pressures experienced during larval development.
The main objective of this study was to deduce whether kairomones affect photobehavior by increasing visual sensitivity at the retinal level in two larval crab species, R. harrisii and H. sanguineus. As previously described, light is thought to be the primary cue for defensive photobehavior in zooplankton with other factors, such as kairomones, modifying the behavioral response to light (Cohen and Forward, 2009 ). Hence, a probable mechanism for how kairomones affect photobehavior, which is important for predator avoidance via depth regulation, is by increasing visual sensitivity, whereby zooplankton exposed to kairomones exhibit behavioral and physiological responses to dimmer changes in light than they would otherwise. In a vertical migration scenario, for instance, this might place zooplankton at overall deeper depths in the water column throughout the diel cycle (Forward, 1985) . Visual sensitivity may be controlled by structural and/or physiological mechanisms, as both play important roles mediating diel changes in visual sensitivity in crustaceans (Meyer-Rochow, 1999 ) and other arthropods (Battelle, 2002; Warrant et al., 2014) . Here, electroretinogram (ERG) recordings and histological methods are employed to investigate kairomone-induced changes to retinal physiology and eye structure that could increase visual sensitivity and thereby result in kairomone-induced increases in photobehavior.
A second objective of this study was to compare defense photobehavior of decapod larvae that utilize two different early life history strategies: estuarine retention in R. harrisii and export-andreturn in H. sanguineus. The presence or magnitude of predator kairomone-induced changes to photobehavior may vary between species that experience different levels of predation pressure during larval development, such as R. harrisii and H. sanguineus.
MATERIALS AND METHODS

Experimental solutions
Seawater used in all experiments was collected from Indian River Inlet [∼32 practical salinity units ( psu)], Delaware, USA. Biologically active molecules were removed by ultrafiltration (100 kDa; GE Life Sciences UFP-100-C-5A) and aging in darkness for at least 1 week (Forward and Rittschof, 1999) . This water served as control seawater for rearing and all experiments. We produced kairomone solutions with diluted mucus, isolated from Fundulus heteroclitus. We isolated fish mucus with a previously described body wipe method (Forward and Rittschof, 1999) and diluted it with control seawater to produce uniform concentrations of 0.1, 0.01 or 0.001 g wet weight mucus l −1 seawater. Aliquots of concentrated mucus were stored at −80°C but were thawed and diluted immediately before using in experiments. Mucus from F. heteroclitus at similar concentrations has been shown to elicit strong behavioral responses in zooplankton (Forward and Rittschof, 1999, 2000; Cohen and Forward, 2005) . However, it is unlikely that responses to kairomones are specific to predator species, because similar behavioral effects have been observed in animals exposed to kairomones from multiple fish and gelatinous invertebrate species (McKelvey and Forward, 1995) .
Crab collection and rearing
During summer (May-September) of 2013, we collected ovigerous female crabs from either Broadkill River, DE, USA [Rhithropanopeus harrisii (Gould 1841)] or Roosevelt Inlet, DE, USA [Hemigrapsus sanguineus (De Haan 1853)]. We maintained females in the laboratory under a 14 h:10 h light:dark cycle at ∼23°C in control seawater (20 psu for R. harrisii and 30 psu for H. sanguineus). On the day of hatching, larvae from single female broods were placed into fresh control seawater and water changes were conducted three times per week. We fed larvae newly hatched brine shrimp (Artemia franciscana) nauplii ad libitum.
Behavioral experiments
We conducted behavioral experiments in an apparatus that mimics the underwater angular light distribution, similar to that used by Forward et al. (1984) . Within a light-tight enclosure, we placed groups of zoeae (N≈30) in a transparent acrylic chamber (5×5×5 cm), enclosed within a larger black acrylic water bath (40×40×15 cm; ∼23°C). Experimental light was produced by an Oriel 300 W Xe Arc Lamp (Newport, Irvine, CA, USA), and filtered to 488 nm with an interference filter (10 FWHM, Melles Griot 03FIL002, Irvine, CA, USA). We chose this wavelength, because it is near peak spectral sensitivity in R. harrisii and H. sanguineus (Cohen et al., 2015; Forward and Costlow, 1974) . Fixed neutral density filters (Melles Griot, Irvine, CA, USA) allowed us to control the intensity of light stimuli, which passed horizontally through a collimating lens, electromagnetic shutter (Newport), wavelength and intensity filters and then reflected off a mirror inside the light-tight enclosure to pass vertically through a white acrylic diffuser that covered the water bath. The described light assembly produces a relatively diffuse downwelling light source, entering a dark larval chamber. Prior to experiments, we measured downwelling irradiance at the larval chamber with an optometer and calibrated radiometric probe (models S471 and 247; Gamma Scientific, Baltimore, MD, USA) to select an appropriate range and resolution of light stimuli.
We recorded swimming behavior through two narrow transparent sections in the black water bath with a digital camera (scA750-60gm; Basler AG Electronics, Ahrensburg, Germany) with a 16 mm varifocal lens (HF16HA-1B; Fujinon Corp, Edison, NJ, USA), backlit by an infrared LED array (880 nm; Advanced Illumination, Edmund Optics, Barrington, NJ, USA). Camera optics were set such that the field of view and depth of field could resolve all swimming individuals within the chamber, regardless of their position in the three-dimensional chamber. We used a custom program in LabVIEW (National Instruments, Austin, TX, USA) to coordinate timing of shutter opening and closing as well as capture video recordings.
Behavioral experiments were conducted on stage 4 R. harrisii and stage 3 H. sanguineus zoeae, because larvae at these stages are active swimmers that exhibit strong phototactic responses (Forward and Rittschof, 2000; Cohen et al., 2015) . In addition, exposure to fish kairomones resulted in enhanced photoresponses in stage 4 R. harrisii zoeae from the Neuse River estuary, North Carolina, USA (Forward and Rittschof, 2000) . We conducted similar behavioral experiments in this study, because no such evidence exists for either larval H. sanguineus or R. harrisii populations in Delaware Bay, USA. Prior to behavioral experiments, animals were exposed to either control seawater or kairomone solutions of three concentrations (0.1, 0.01 and 0.001 g mucus l −1 seawater) for 1-3 h and acclimated to the dark for at least 1 h, 15 min of which were in the experimental chamber. After the acclimation period, experimental animals experienced a series of six 3 s light stimuli increasing in intensity from approximately 5×10 11 to 5×10 13 photons m −2 s −1 in R. harrisii and 1×10 11 to 1×10 13 photons m −2 s −1 in H. sanguineus. During these experiments, 4 min of dark acclimation time separated each stimulus. We recorded swimming behavior 3 s before ('dark') and after each light stimulus. Behavioral experiments were replicated five times for both species, and each replicate represents a brood from a single mother to account for potential maternal effects.
We determined start and end X-and Y-coordinates of swimming individuals in each 3 s video recording using a PC-based motion analysis system (CellTrak software, Motion Analysis, Santa Rosa, CA, USA). An individual was considered to be descending if the line between its start and end coordinates were within nadir ±60 deg. We then calculated the percentage descending for each group (replicate×treatment) before (dark) and after each light stimulus. Within each treatment, we compared percentage descending in the dark with percentage descending after each of the given light stimuli with one-way repeated measures (RM) ANOVAs. If RM ANOVAs detected significant differences (P<0.05), Holm-Šidák post hoc tests determined which specific light stimuli evoked a significant descent response relative to swimming behavior in the dark. The light stimulus of the lowest intensity that induced a descent response was deemed the 'behavioral threshold'. One-way ANOVAs within treatments suggested that percentage of descending animals swimming in the dark did not differ significantly between replicates (P>0.05). Hence, we used mean percentage descending before each light stimulus as 'percentage descending in the dark' in the RM ANOVA analyses described above. All statistical analyses were conducted in SigmaPlot 12.0 (Systat Software, San Jose, CA).
Electrophysiology
We measured extracellular electroretinograms (ERGs) on stage 4 R. harrisii and stage 3 H. sanguineus zoeae. Prior to experiments, animals were exposed to either control seawater or kairomones at 0.1 g mucus l −1 seawater for at least 1 h. This kairomone concentration was chosen because it induced strong behavioral responses in both species (Fig. 1) . In ERG experiments, zoeae were attached by their dorsal carapace to the plastic head of a pin with cyanoacrylate gel adhesive (Loctite, Rocky Hill, CT, USA) and then suspended in a 19°C water bath of their respective treatment by a plexiglass support. We then placed the recording electrode, a tungsten microelectrode (127 μm tip, A-M Systems, Sequim, WA, USA), subcorneally in the eye and a second differential electrode with the same specifications in the water bath. Differential AC signals were amplified (Ext-02 B, NPI Electronic Instruments, Germany), digitized and stored in LabChart 7 (AD Instruments) for analysis of peak-to-peak response height and response time.
Light stimuli were produced by a quartz halogen lamp (DC-150, DolanJenner Industries, Boxborough, MA, USA) and delivered to the eye with a 4-mm-diameter liquid light guide. Wavelength was set by a blue/green broadband pass filter (BG-18, Schott, Elmsford, NY, USA) and light intensity controlled with fixed neutral density filters (Melles Griot, Irvine, CA, USA). Again, we chose this wavelength, because it is near peak spectral sensitivity for R. harrisii and H. sanguineus (Cohen et al., 2015; ). An electromagnetic shutter and shutter driver (LS6S2T0-100, VCM-D1, Uniblitz/Vincent Associates, Rochester, NY, USA) under computercontrolled stimulus onset and duration. Sensitivity may differ between night and day in crustaceans (Meyer-Rochow, 1999 ), so we conducted all experiments during the day between 09:00 h and 16:00 h. Prior to experiments, irradiance was measured with a spectroradiometer (USB4000; Ocean Optics, Dunedin, FL, USA) to determine the range and resolution of light stimuli.
Response-intensity (V-log I) curves were generated from ERG recordings, where response magnitude ( peak-to-peak height) increased with intensity until reaching some maximum response (V max ). We acclimated animals in the dark prior to experiments and did not give an experimental flash until the ERG response to a dim test flash consistently yielded a consistent response magnitude. Experimental flashes (100 ms) were given in order of increasing irradiance, ranging from 10 11 -10
. Between experimental flashes, animals acclimated in the dark for at least 2 min, but total acclimation time was determined with intermittent test flashes during experiments.
To generate V-log I curves, we plotted peak-to-peak response height across the intensity range of given light stimuli. We normalized individual curves to V max and modeled the response-intensity relationship with the Zettler modification of the Naka-Rushton equation to determine the curve's half saturation point (log K), V max , slope and dynamic range or log range from 5 to 95% of V max (Frank, 2003) . Here, log K was defined as a measure of physiological sensitivity. As such, lower values indicate greater sensitivity. In this analysis, we only included curves that had a measured V max value at least 80% of the model's estimated V max . We assessed differences in log K, slope, and dynamic range with t-tests, comparing individuals exposed to control seawater (N=5) and kairomones (N=5) in R. harrisii and H. sanguineus. We conducted statistical analyses in SigmaPlot 12.0, and differences were considered significant if P<0.05. As in behavioral experiments, replicates were taken from a brood from a single mother to avoid possible maternal effects.
In addition, we investigated the kinetics of ERG responses at each irradiance for the generated V-log I curves (N=5 for each treatment), specifically the time from the light stimulus onset to the response start (response latency) and to the response peak ( peak latency). Response start was defined as the point at which the ERG signal begins to decrease in magnitude above background noise. We assessed the effect of treatment and irradiance on response and peak latency with two-way ANOVAs. Again, we conducted all statistical analyses in SigmaPlot 12.0, and accepted significant differences at P<0.05.
Histology: eye structure
We applied histological techniques to observe possible kairomone-induced changes in eye structure that could increase visual sensitivity over a 3 h time interval. We exposed stage 4 R. harrisii and stage 3 H. sanguineus zoeae to kairomones from 0.1 g mucus l −1 seawater for a period of 0 (control seawater), 0.5, 1 or 3 h (N=10 at each time interval). Following exposure, we removed and fixed heads in 2.5% glutaraldehyde in 0.4 mol l −1 Millonig's buffer solution for 3.25 h between 08:00 h and 13:00 h under fluorescent From the slides, we measured several characteristics of eye structure with an ocular reticle on a compound microscope (CX31, Olympus, Tokyo, Japan). These included rhabdom diameter, rhabdom length, aperture diameter and length of crystalline cone (see below). Here, we measured rhabdom diameter at the distal end of the rhabdom and estimated aperture diameter as the distance between distal accessory pigments surrounding the crystalline cone. All measurements were from longitudinally sectioned ommatidia in the anterior/dorsal quadrant of the eye, and measurements were only used if all the above-mentioned characteristics were present. To ensure that the structural characteristics did not vary with ommatidia location, we divided the anterior/dorsal quadrant of the eye into three portions: anterior, intermediate and lateral. These were 0-25 deg, 25-65 deg, and 65-90 deg from the anteriormost ommatidium, respectively, ranging dorsally from the frontal to the sagittal plane. Since the chosen characteristics of eye structure did not vary between these three locations in control animals (one-way ANOVA), all measurements taken from the anterior/dorsal quandrant of the eye were used in analysis. In addition, structural parameters were measured blindly, i.e. treatment was not identified until after all measurements were completed. We calculated the grand mean of all measurements taken from an individual zoea and this grand mean was considered a replicate. Since we only used measurements from ommatidia that contained all structural characteristics, the number of replicates decreased slightly from N=10 to N=8, 6, 5 and 7 in R. harrisii and N=6, 6, 4 and 6 in H. sanguineus exposed to kairomones for 0 (control), 0.5, 1 or 3 h, respectively. We took digital images of each measured section with a digital camera (EOS Rebel T3i, Canon, Japan), and qualitatively compared distribution of screening pigments.
Optical sensitivity of larval crab compound eyes, S (μm 2 Sr) was calculated according to Land (1981; Eqn 1) . We calculated optical sensitivity to compare control and kairomone-treated animals and to determine whether changes in eye structure resulted in optical sensitivity differences:
Structural characteristics in the sensitivity equation include aperture diameter (A), rhabdom diameter (d ), focal length ( f ), the absorption coefficient (k) and rhabdom length (l ). Since focal length of an apposition compound eye is typically the distance from the nodal point of the corneal lens to the distal tip of the rhabdom, we estimated focal length to be the length of the crystalline cone. This estimation began at the distal tip of the crystalline cone rather than the nodal point of the corneal lens, because the corneal lens was separated from its corresponding crystalline cone in some sections. Further, the thickness of the corneal lens was approximately 2-3 μm in both R. harrisii and H. sanguineus, and the nodal point within would be less than this total distance. Since the crystalline cone extends from just beneath the corneal lens to the distal tip of the rhabdom in all sections, with length ranging from 23 to 30 μm, ignoring the distance between the nodal point of the corneal lens and the distal tip of the crystalline cone in our estimation of focal length should introduce little error. We used an absorption coefficient of 0.008 μm −1 (Cronin and Forward, 1988) . We also calculated acceptance angle using several structural characteristics (Eqn 2; Snyder, 1979) , including facet diameter (D), rhabdom diameter (d ), and focal length ( f ):
Facet diameter (D) was measured after initial analysis of eye structure, but these diameters were consistent between control and kairomone-treated animals; mean values of 20 and 19 μm were used for R. harrisii and H. sanguineus, respectively. Again, focal length was estimated to be the length of the crystalline cone. A wavelength (λ) of 500 nm was used to represent peak spectral sensitivity in R. harrisii and H. sanguineus (Cohen et al., 2015; Forward and Costlow, 1974) . To assess whether kairomone exposure affected eye structure, optical sensitivity and/or acceptance angle, we conducted a one-way ANOVA for each parameter, comparing animals exposed to kairomones for 0 (control), 0.5, 1 and 3 h. We then used a Holm-Šidák post hoc test to make multiple comparisons of all kairomone treatments (0.5, 1, 3 h) versus the control. Values of optical sensitivity and acceptance angle were log transformed for analysis. We conducted all statistical analyses in SigmaPlot 12.0, and accepted significant differences at P<0.05. All individuals used in experiments came from a single female in both R. harrisii and H. sanguineus.
Estimated changes to depth
We compared downwelling irradiance with depth at two times of day with the behavioral thresholds in R. harrisii with and without kairomone exposure in order to assess the magnitude of depth change expected with kairomone exposure. At a site in Delaware Bay where larval R. harrisii are abundant (38°57.862′ N, 75°16.093′ W), we measured spectral irradiance just below the surface to a depth of 3.25 m at midday in August 2014 (Hydro-Rad-3, HOBI Labs, Bellevue, WA, USA). Spectral irradiance at each depth interval was weighted by the spectral sensitivity of R. harrisii larvae determined electrophysiologically (Forward et al., 2014) and then integrated to yield light intensity as 'crab-utilized photons'. These integrated values were used to determine a diffuse attenuation coefficient (K d ) of 1.4 m −1 by linear regression and used in the Lambert-Beer equation as a simplified model of light attenuation with depth (e.g. Gallegos, 2001 ) to determine irradiance (crab-utilized photons) over the water column. A similar irradiance profile was modeled for twilight using the same K d value, but assuming irradiance just below the surface to be two orders of magnitude less than that at midday, based on previous observations (Cohen and Forward, 2005) . With these two depth profiles of irradiance as crab-utilized photons, we calculated the expected change in depth of R. harrisii based on our observed behavioral thresholds from behavioral experiments with and without kairomone exposure.
RESULTS
Defensive photobehavior
We conducted behavioral experiments in an apparatus that mimics the underwater angular light distribution, characterized by a relatively bright, diffuse light from above entering a dark chamber. In experiments, we exposed crab larvae to an intensity range of downwelling light stimuli and measured their swimming responses. The behavioral threshold was quantified and used as a proxy for defensive photobehavior; this threshold was defined here as the lowest light intensity to evoke a descent swimming response in a group of larvae when compared with swimming direction of pre-stimulus behavior in darkness. We exposed larvae to control seawater or kairomones from fish mucus at three concentrations (0.1, 0.01, 0.001 g mucus l −1 seawater) for 1-3 h before they were used in experiments. The percentage of larvae descending while swimming in darkness between successive light stimuli did not differ throughout each experiment, and mean percentage of animals descending in the dark ranged from 19-24% in R. harrisii and 10-22% in H. sanguineus. In both species, percentage descending differed before and after light stimulation in all treatments (P<0.001; one-way repeated-measures ANOVAs).
Kairomone exposure decreased behavioral thresholds for lightevoked descents ( Fig. 1; Table 1 ). In stage 4 R. harrisii zoeae, the behavioral threshold was 1.10×10
13 photons m −2 s −1 in animals exposed to control seawater. Relative to the control, animals exposed to the two lowest kairomone concentrations (0.01 and 0.001 g mucus l −1 seawater) had behavioral thresholds that were half that of the control at 4.77×10 12 photons m −2 s −1 and thresholds in animals exposed to the highest kairomone concentration (0.1 g mucus l −1 seawater) were a third of the control threshold at 3.48×10 12 photons m −2 s −1 (Fig. 1A) . In stage 3 H. sanguineus zoeae, the behavioral threshold was 4.77×10 12 photons m −2 s −1 in the control. Thresholds decreased to about a third of the control at 1.51×10 12 photons m −2 s −1 after exposure to kairomones at all three concentrations (Fig. 1B) . The behavioral threshold shift in kairomone-exposed animals was similar in R. harrisii and H. sanguineus. However, behavioral thresholds were lower in H. sanguineus overall, i.e. H. sanguineus in the control had a behavioral threshold that was half that of R. harrisii.
Electrophysiology
We generated response-intensity (V-log I ) curves from extracellular electroretinograms (ERGs) to investigate whether kairomones alter retinal physiology to increase visual sensitivity and therefore influence changes to photobehavior observed in previous experiments. Prior to electrophysiological experiments, animals were exposed to either control seawater or kairomones at 0.1 g mucus l −1 seawater for 1-3 h. Kairomone exposure resulted in a shift of V-log I curves to lower intensities in both R. harrisii and H. sanguineus (Fig. 2) , consistent with increased visual sensitivity. Furthermore, physiological sensitivity was defined here as the halfsaturation (log K ) of V-log I curves and log K values were lower in kairomone-exposed than in control animals, also suggesting increased visual sensitivity ( Fig. 2; Table 1 ). However, this difference was only significant in H. sanguineus (P=0.04; t-test). In addition, we observed decreases in V max following kairomone exposure (Table 2) , with significant differences between control and kairomone treatments in H. sanguineus. No significant differences were detected in the slope or dynamic range of V-log I curves (Table 2) .
We also assessed temporal resolution by measuring latency of the ERG response relative to the stimulus flash at each irradiance of V-log I curves. Specifically, we compared the time from light stimulus onset to response start (response latency) and to response maximum ( peak latency) between control and kairomone-treated animals. In addition, the response start was defined as the point at which the ERG signal begins to decrease in magnitude above background noise. Response waveform varied between control and kairomone treatments, and response tended to be of smaller magnitude and reach the response maximum more quickly in kairomone-exposed animals than in the control (Fig. 2) . In R. harrisii, response and peak latency decreased with increasing irradiance (P<0.009) and after kairomone exposure (P<0.001; Fig. 3A,B ; two- Behavioral thresholds (log photons m −2 s −1 ) were determined in analysis of photobehavior experiments (Fig. 1) . Physiological sensitivity (means±s.e.) was defined as the log K value (log photons m −2 s −1 ) of V-log I curves ( Fig. 2; n=5) ; lower values indicate greater sensitivity. Optical sensitivity (μm 2 Sr) was calculated from structural characteristics using the Land equation (Eqn 1) and values shown (means±s.e.) are from animals that were exposed to kairomones from Fundulus heteroclitus mucus (0.1 g l −1 ) for 0 h (control; N=8, 6) or 1 h (kairomones; N=6, 4) in R. harrisii and H. sanguineus, respectively. Significant differences (P<0.05) are represented by an asterisk and were determined using repeated-measures ANOVAs with Holm-Šidák post hoc tests for behavioral thresholds, t-tests for physiological sensitivity and one-way ANOVAs with Holm-Šidák post hoc tests for optical sensitivity.
way ANOVAs). In H. sanguineus, response latency decreased with increasing irradiance (P<0.001; Fig. 3C ) and peak latency was shorter after kairomone exposure (P<0.001; Fig. 3D ). The interaction between treatment and irradiance was not significant in either species.
Eye structure
Using light microscopy of semi-thin sections, we compared several characteristics of eye structure (Fig. 4A ) in control and kairomoneexposed zoeae. Rhabdom diameter was measured at the distal tip of the rhabdom and aperture diameter was defined as the distance between distal accessory pigments at the base of the crystalline cone in longitudinal sections. Prior to fixation and embedding, animals were exposed to kairomones at a concentration of 0.1 g mucus l
seawater for durations of 0 (control), 0.5, 1 or 3 h. Kairomoneinduced changes to photobehavior in crustacean larvae are evoked over this timeframe (Forward and Rittschof, 1993, 2000) . In R. harrisii, rhabdom diameter and length differed between kairomone-exposed and control animals (P=0.04 and 0.03, respectively; one-way ANOVA). Specifically, rhabdom diameter was significantly wider in R. harrisii exposed to kairomones for 1 and 3 h, relative to control animals (Fig. 4B ). In addition, rhabdom length was shorter in R. harrisii exposed to kairomones for 3 h, compared with the control (Fig. 4D) . In H. sanguineus, rhabdom diameter also differed after kairomone exposure (P=0.05; one-way ANOVA). Rhabdoms widened after 3 h of kairomone exposure relative to control animals (Fig. 4C) . However, differences in rhabdom length were not statistically significant between the kairomone treatment and control in H. sanguineus (Fig. 4D) . Cone length and aperture diameter did not vary across the 3 h kairomone exposure time in either species, and we did not observe changes in screening pigment quantity or position. In addition, we used characteristics of eye structure to calculate optical sensitivity (Eqn 1; Land, 1981) and acceptance angle (Eqn 2; Snyder, 1979) . Mean optical sensitivity and acceptance angle increased after 1 h of kairomone exposure in both species (Tables 1 and 3 ). However, differences between the control and kairomone treatments were only significant in R. harrisii (P=0.03; one-way ANOVAs). Specifically, optical sensitivity increased after 1 h of kairomone exposure (Table 1) and acceptance angle was larger in animals exposed to kairomones for 0.5-3 h, relative to the control (Table 3) .
DISCUSSION
In both R. harrisii and H. sanguineus, we observed changes to photobehavior that could impact predator-avoidance behavior, specifically decreases in the behavioral threshold following kairomone exposure ( Fig. 1 ; Table 1 ). These results were comparable to findings with a North Carolina (USA) population of R. harrisii (Forward and Rittschof, 2000) and once established for our Delaware (USA) R. harrisii study population and now H. sanguineus, we investigated whether kairomones mediate these behavioral changes by increasing visual sensitivity. Visual sensitivity can be regulated with physiological and/or structural Values (means±s.e.m.) of V max , slope, and dynamic range were derived from the Zettler modification of the Naka-Rushton model (N=5). Significant differences between control and kairomone treatments were accepted at P<0.05 (t-test) and represented by an asterisk. ). Animals were exposed to either control seawater (N=5) or kairomones from Fundulus heteroclitus mucus at 0.1 g mucus l −1 seawater (N=5). As indicated by the inset, response latency was defined as the time from the light stimulus onset to the response start and peak latency as the time from the light stimulus onset to the response peak.
mechanisms, e.g. changes to photoreceptor membrane potential and size (Meyer-Rochow, 2001 ). Extracellular recordings in the retina suggest greater visual sensitivity in zoeae exposed to fish kairomones ( Fig. 2; Table 1 ). Similar ERG methods have been used to assess light/dark adaptation and cyclic diel changes to sensitivity in crustaceans, where sensitivity increases during night-time hours (Aréchiga and Rodriguez-Sosa, 1998; Hariyama et al., 2001; Meyer-Rochow and Tiang, 1984; Yang et al., 1986) , as well as at night in adult H. sanguineus with intracellular photoreceptor recordings (Arikawa et al., 1987) . The observed pattern of increase in sensitivity of crab larvae following kairomone exposure matched these light/dark and diel changes in sensitivity of adult crustaceans, although were smaller in magnitude by about 25% (Hariyama et al., 2001) . Hence, larval crabs exposed to kairomones may use similar physiological mechanisms at the retinal level to mediate phenotypic plasticity in defensive photobehavior, e.g. descent to darker waters during daytime when fish are abundant. Further work using intracellular recording could be used to determine the effect of kairomones on individual photoreceptors, as has been done to demonstrate higher night-time signal-to-noise ratios in photoreceptor cells of Limulus (Kaplan and Barlow, 1980) . Increases in visual sensitivity often come at the cost of temporal resolution (Warrant, 1999 (Warrant, , 2008 Warrant et al., 2014) . For example, higher sensitivity is associated with decreases in temporal resolution in mesopelagic and deep-sea crustaceans (Frank, 1999 (Frank, , 2000 Frank et al., 2012) , and log K values are often negatively correlated with response latency in these animals (Frank, 2003) . Here, we tested whether increases in visual sensitivity of kairomone-exposed animals resulted in a loss of temporal resolution by measuring latency in response onset and peak. Surprisingly, we found no indication of longer latency times in kairomone-exposed animals with heightened photoreceptor sensitivity; latency actually decreased after kairomone exposure (Fig. 3) . Hence, kairomones do not increase sensitivity at the cost of temporal resolution in these larval crabs. Moreover, observed decreases in response amplitude and V max after kairomone exposure ( Fig. 2; Table 2 ) may allow for increases in visual sensitivity in conjunction with greater temporal resolution.
We also found changes to eye structure in kairomone-exposed animals. Rhabdoms were wider and shorter after 1-3 h of kairomone exposure in R. harrisii and were wider after 3 h of exposure in H. sanguineus (Fig. 4) . This change in rhabdom diameter probably drove the observed increases in optical sensitivity in R. harrisii exposed to kairomones for 1 h, relative to those in the control (Table 1) , although similar increases were not found in H. sanguineus. We would expect sensitivity changes to occur over this timeframe as crustacean larvae show behavioral responses to kairomones within 1 h, as demonstrated here and elsewhere (e.g. Forward and Rittschof, 1993; McKelvey and Forward, 1995) . Chamberlain and Barlow (1987) similarly observed wider, shorter rhabdoms in Limulus at night when animals are known to be most visually sensitive. Furthermore, rhabdom size increased in adult H. sanguineus and several other adult crab species during the nocturnal phase of the diel cycle (Nässel and Waterman, 1979; Stowe, 1980; Toh and Waterman, 1982; Arikawa et al., 1987) and several studies have similarly reported greater rhabdom width or volume in more-sensitive dark-adapted eyes (Meyer-Rochow and 
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(6) and sample size at each exposure time is shown in parentheses. Significant differences in rhabdom size between control and kairomone-exposed animals (0.5, 1, 3 h) were determined by one-way ANOVAs with Holm-Š idaḱ post hoc tests, accepted if P<0.05, and represented by asterisks. Tiang, 1984) or at night in other crustaceans (Hariyama et al., 2001; Matsuda and Wilder, 2014; Yuan et al., 1997) . Spatial summation is common in animals that need to resolve fast-moving objects as well as improve sensitivity (Warrant, 1999) . Some crustaceans demonstrate spatial summation by increasing their visual acceptance angle (Bryceson and McIntyre, 1983; Hariyama et al., 2001 ) and other arthropod groups neurally pool information by laterally spreading and coupling the interneurons responsible for photoreceptor analysis (Greiner et al., 2004 (Greiner et al., , 2005 Warrant et al., 2014) . Here, we used characteristics of eye structure to determine visual acceptance angle. Since acceptance angle did increase after 0.5, 1 and 3 h of kairomone exposure in R. harrisii (Table 3) , observed increases in sensitivity may be achieved through spatial summation. Hence, heightened sensitivity following kairomone exposure may be at the expense of spatial resolution, but zoeae maintain the ability to detect fast-moving objects such as predatory fish.
In this study, we observed kairomone-induced changes to rhabdom shape that may increase visual sensitivity. However, several structural characteristics, not observed here, also mediate sensitivity changes in compound eyes. For instance, although we did not find evidence of any screening pigment migration within ommatidia from either control or kairomone-treated animals, distribution of screening pigments often mediates a change in visual sensitivity, e.g. those seen over the diel cycle (MeyerRochow, 2001 ). In dark-adapted eyes or during the nocturnal phase of the diel cycle, screening pigments frequently migrate distally from the rhabdom or become more dispersed in crustacean compound eyes, including adult H. sanguineus (Arikawa et al., 1987; Cellier et al., 1998; Hariyama et al., 2001; Meyer-Rochow and Tiang, 1984) . Although less commonly observed, Nilsson and Odselius (1981) found changes to the dioptric apparatus, including cone shortening and lens elongation, in dark-adapted, night-time eyes of Artemia. The authors concluded that these changes, along with additional differences in rhabdom shape, might increase sensitivity while maintaining spatial resolution by decreasing focal length and widening the area that can be used for light capture. However, we did not observe a similar result in crystalline cones of crab larvae.
We observed several physiological and structural differences in the retina that could lead to increased visual sensitivity, including higher physiological sensitivity, i.e. lower log K values in H. sanguineus and changes to rhabdom shape and optical sensitivity, which were most distinct in R. harrisii. However, some differences were too small to detect a kairomone effect, such as physiological sensitivity in R. harrisii, suggesting that factors other than increases in sensitivity directly at the retinal level may be involved in the observed shift in behavioral thresholds. Neural amplification or changes to photochemical processes could be contributing to the observed kairomone-induced changes to defensive photobehavior. Neural summation strategies, temporal or spatial, are often used to increase visual sensitivity. This is done by neurally increasing gain, e.g. summing input from neighboring visual channels (Warrant, 1999) . Specific neural inputs that mediate sensitivity changes are rarely reported. However, intracellular electrophysiological recordings in Limulus suggest that efferent input from the optic nerve plays an important role in increasing response gain in photoreceptor cells and that octopamine probably acts as the neurotransmitter for these optic nerve pulses Battelle, 2002; Kaplan and Barlow, 1980) . Alternatively, Blest and Stowe (1997) found that inhibition of phospholipase, an enzyme that is important for phototransduction, prevented the diurnal decreases in rhabdom diameter that occur during the diel cycle of an adult crab. This finding suggests potential photochemical control of rhabdom size. However, phospholipase enzymes are important to processes aside from phototransduction and changes to other biological pathways could be contributing to this result. Oberwinkler and Stavenga (2000) used calcium imaging to examine intracellular calcium levels in the rhabdomeres of blowflies and found that reduced sensitivity caused by light adaptation resulted in a decrease in the duration of calcium transients in the rhabdomere. In the case of increases in larval crab sensitivity upon kairomone exposure, similar mechanisms warrant investigation.
In addition to investigating the mechanism by which kairomones increase defensive photobehavior, we also aimed to identify potential differences in the phenotypic plasticity of behavior and visual sensitivity between two crab species with different early life history strategies: estuarine retention (R. harrisii) and offshore transport (H. sanguineus). More drastic increases in photobehavior might be expected in R. harrisii, because these crabs spend their entire life history within the estuary ) and probably experience higher predation pressure than H. sanguineus, which is exported offshore during larval development before returning to the coast (Christy, 2011; Epifanio, 2013; Hagan and Able, 2003) . Conversely, the kairomone effect on behavior was similar in R. harrisii and H. sanguineus after exposure to the highest mucus concentration, and behavioral thresholds were lower in H. sanguineus than in R. harrisii overall, regardless of kairomone exposure or concentration (Fig. 1) . Furthermore, a larger kairomone effect in R. harrisii was not clearly demonstrated in our electrophysiological and histological investigation of visual sensitivity. In fact, V-log I curves suggest a greater kairomone-induced sensitivity increase in H. sanguineus ( Fig. 2 ; Table 1 ), whereas changes to eye structure that would increase visual sensitivity, namely rhabdom shape, were more distinct in R. harrisii ( Fig. 4 ; Table 1 ). Overall, the observed physiological and structural changes are likely to play a similar role in mediating kairomone-induced increases in photobehavior in both species.
Here, we present evidence that kairomones affect photobehavior, specifically by lowering the behavioral threshold. Given that crab larvae maintain depth near the isolume of their threshold for light detection (Forward, 1985; Sulkin, 1984) , we estimated how the observed physiological and behavioral changes after kairomone exposure would influence depth selection in the estuarine water column by modeling downwelling irradiance with depth at two times of day at a site in Delaware Bay where larval R. harrisii are abundant. Depth change in R. harrisii was estimated with and without kairomone exposure from the behavioral thresholds determined in behavioral experiments. With kairomone exposure, R. harrisii would reside approximately 1 m deeper than animals without kairomone exposure at both midday and twilight (Fig. 5) . Assuming that kairomone production is positively related to predator abundance (Shephard, 1994; Van Gool and Ringelberg, 2002) , such a descent to deeper, darker waters could limit feeding ability in visual predators. Indeed, Grecay and Targett (1996) demonstrated light-limited feeding in a common zooplanktivorous predator from this habitat -the juvenile weakfish Cynoscion regalis.
Conclusion
Behavioral strategies for predator avoidance are phenotypically plastic in several zooplankton species, where predator kairomones induce increases in swimming responses to light (Cohen and Forward, 2009; Ringelberg, 2010; Williamson et al., 2011) . Here, we extend previously observed kairomone-induced changes to defensive photobehavior to another crab species and more importantly, report evidence that increases in visual sensitivity at the physiological and structural level in the eyes of both crab species are consistent with these behavioral changes. The kairomone effect on the observed behavioral and physiological responses was similar in the estuarine-retained R. harrisii and the offshore-transported H. sanguineus. Latency in electrophysiological responses decreased after kairomone exposure. Hence, it is unlikely that visual sensitivity increased at the expense of temporal resolution, although we present some evidence for spatial summation. In addition, we estimated changes in zooplankton depth with the observed decreases in the behavioral threshold of larval R. harrisii exposed to kairomones, and our model suggests that depth of these larval crabs would increase about 1 m with kairomone exposure. Overall, this study offers a potential mechanism to explain previous observations of phenotypic plasticity in photobehavior important to predator avoidance and vertical migrations in zooplankton.
